Females show a varying degree of ischemic sensitivity throughout their lifespan, which is not fully explained by hormonal or genetic factors. Epidemiological data suggest that sex-specific life experiences such as pregnancy increase stroke risk. This work evaluated the role of parity on stroke outcome. Age-matched virgin (i.e., nulliparous) and multiparous mice were subjected to 60 min of reversible middle cerebral artery occlusion and evaluated for infarct volume, behavioral recovery, and inflammation. Using an established mating paradigm, fetal microchimeric cells present in maternal mice were also tracked after parturition and stroke. Parity was associated with sedentary behavior, weight gain, and higher triglyceride and cholesterol levels. The multiparous brain exhibited features of immune suppression, with dampened baseline microglial activity. After acute stroke, multiparous mice had smaller infarcts, less glial activation, and less behavioral impairment in the critical recovery window of 72 h. Behavioral recovery was significantly better in multiparous females compared with nulliparous mice 1 mo after stroke. This recovery was accompanied by an increase in poststroke angiogenesis that was correlated with improved performance on sensorimotor and cognitive tests. Multiparous mice had higher levels of VEGF, both at baseline and after stroke. GFP + fetal cells were detected in the blood and migrated to areas of tissue injury where they adopted endothelial morphology 30 d after injury. Reproductive experience has profound and complex effects on neurovascular health and disease. Inclusion of female mice with reproductive experience in preclinical studies may better reflect the life-long patterning of ischemic stroke risk in women.
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sex differences | multiparity | microglia | ischemic stroke | microchimerism N early 800,000 people in the United States experience a new or recurrent stroke each year, and 55,000 more women than men are affected by stroke (1) . Stroke is a sexually dimorphic disease impacted by genetics, hormones, and the environment (2) . According to CDC data, 85% of women in the United States have given birth by age 40, whereas the number of lifetime pregnancies per woman varies by race and socioeconomic status. Therefore, child-bearing women represent a significant proportion of the female population, including those at risk for stroke. Moreover, this suggests that a large proportion of the elderly female populationwho is at highest risk for stroke-may be differentially at risk. Epidemiological data suggest that increasing parity is associated with higher risk of cardiovascular disease (CVD) and stroke and late-life vascular comorbidities, including carotid atherosclerosis (3, 4) . However, recent reports suggest that parity has a significant protective effect against CVD mortality (5) . The effect of parity on outcome following ischemic stroke is yet unresolved.
Pregnancy induces profound acute and long-term physiological changes in the body that influence future vascular health through hormonally mediated changes in circulation, vascular tissue structure, coagulation, and the pathological state of preeclampsia. The mechanisms underlying the neurovascular changes associated with parity are initiated during the perigestational period, but the duration of these physiological changes is unknown. The risk of stroke is highest in the 2 d prior to delivery and 1 d postpartum (6, 7) and the risk remains elevated for at least 12 wk after delivery (8, 9) . However, the effect of reproductive experience on stroke risk later in life has not been well studied and has never been modeled in the laboratory.
Critical window events at the fetal-placental interface during gestation include the bidirectional trafficking of cells between the mother and fetus, known as fetal "microchimerism."
The increased immunosuppressive state during pregnancy facilitates the transfer and survival of microchimeric cells (MCs) in the mother (10, 11) , which have stem cell-like properties and multipotent potential, and which incorporate into the maternal bone marrow niche where they can persist for decades. These rare cells respond to sterile injuries and participate in regenerative recovery processes in other disease models (12) , but whether these cells migrate to the ischemic brain is unknown. The effect of parity on neuroinflammation, cerebral perfusion, ischemic outcome, and functional recovery has not been investigated in preclinical models.
Significance
Stroke is an age-related disease that disproportionately affects women. Although experimental studies have identified several hormonal and genetic factors underlying these differences, little is known about how reproductive experience influences risk. This study examined the role of pregnancy and parturition on neurovascular function and behavior in both normal female mice and in females exposed to stroke. We found that reproductive experience increases systemic metabolic risk and results in significant behavioral deficits that are associated with CNS immunosuppression. After stroke, however, multiparous females exhibited smaller infarct volumes, attenuated inflammatory responses, enhanced angiogenesis, and improved behavioral recovery. Although the precise mechanisms underlying this paradoxical finding remain unknown, parity was associated with higher VEGF and improved postischemic vascular remodeling.
Results
Behavioral assessment of locomotor activity, motor coordination, forelimb strength, and depressive phenotypes in nulliparous and multiparous mice was performed. Multiparous mice weighed significantly more than their virgin (i.e., nulliparous) counterparts ( Fig.  1A ; P ≤ 0.001). The number of total beam breaks in an open field was significantly decreased in multiparous mice ( Fig. 1B ; P ≤ 0.05). Parity significantly decreased time spent on an accelerating rotarod ( Fig. 1C ; P ≤ 0.01). We tested the possibility that rotarod performance was confounded by deficits in balance. Indeed, the percentage of falls in a 180°static rod turning test was significantly greater in multiparous mice ( Fig. 1D ; P ≤ 0.05). Forelimb grip strength, as determined by the ability to hang on a wire cage, was also significantly impaired in multiparous mice ( Fig. 1E ; P ≤ 0.001). Moreover, the duration of time multiparous mice spent immobile in a tail suspension test was significantly greater than in nulliparous controls ( Fig. 1F ; P ≤ 0.05). These findings indicate that parity results in significant baseline behavioral deficits.
We next examined microglia activity in naïve mice using flow cytometry. No overt changes in the number of brain-resident microglia, perivascular macrophages, or lymphocytes were found between multiparous and nulliparous mice (Fig. S1 A-D) . No changes in microglia cell size (forward scatter) or granularity (side scatter) were found based on light scatter properties ( Fig. S1 E and F). However, striking functional differences were seen. Microglia and perivascular macrophages from multiparous mice exhibited significantly less TNF and IL-1β production compared with nulliparous controls (Fig. 2 D-H ; P ≤ 0.05 and P ≤ 0.01, respectively). Whereas microglia represented one homogeneous population with respect to cytokine expression, perivascular macrophage populations could be divided into mutually exclusive TNF-and IL-1β-expressing subsets. Interestingly, a significant proportion of perivascular macrophages shifted from TNF +
IL-1β
− to TNF −
+ expression status with reproductive experience (Fig.  2G) . Because proinflammatory cytokine production is associated with phagocytic activity, we then examined the potential for these cells to engulf fluorescent beads. Interestingly, microglia and perivascular macrophages from multiparous mice displayed significantly reduced phagocytic potential (Fig. 2 A-C; P ≤ 0.05). To test whether inflammatory factors present in the maternal brain could partially explain this alteration in microglia function, concentrations of several known cytokines were determined using ELISA. Out of a panel of 25 analytes, 9 were significantly altered with reproductive experience. We found significantly lower brain concentrations of cytokines (IL-6, IL-12p40, IL-13, and IL-17A) and chemokines (CCL2, CCL5, and KC) ( Fig. 3A ; P ≤ 0.05). Although the concentration of basic fibroblast growth factor (bFGF) was lower in multiparous mice, the proangiogenic factor, vascular endothelial growth factor (VEGF), was significantly higher (Fig. 3A) . These data suggest that parity is associated with attenuated proinflammatory cytokine levels and suppressed microglia/perivascular macrophage activity in the female brain, features of enhanced immunosuppression.
To examine the effect of parity on acute outcomes after stroke, we subjected multiparous and virgin mice to 60 min of middle cerebral artery occlusion followed by 72 h of reperfusion. Although there was a trend for improved neurological deficit scores (NDSs) in multiparous mice, no statistical difference was found (Fig. 4B) . However, hemispheric infarct volumes were significantly smaller in multiparous mice compared with nulliparous controls (Fig. 4 C and D; P ≤ 0.001). These findings could not be attributed to differences in vascular anatomy or perfusion rate (Fig. S2 A-D) . The percentage of body weight loss over 72 h was also significantly less in multiparous mice ( Fig. 4A ; P ≤ 0.05). Consistent with these results, we also found that multiparous mice showed a significant attenuation in astrocyte and microglia cell numbers in the ischemic cortex compared with nulliparous controls (Fig. 4 E-G; P ≤ 0.05). Average glial cell size was significantly larger in the multiparous brain (Fig. 4 H and I; P ≤ 0.05 and P ≤ 0.01, respectively). Despite differences in neuronal injury, no changes in body temperature regulation or stress-induced splenic atrophy were observed (Fig. 4 J and K). Although significant uterine growth was seen in multiparous mice ( Fig. 4L ; P ≤ 0.01), plasma concentrations of estradiol were similar and fell within well-established perimenopausal levels . Time spent on an accelerating rotarod device before falling was measured (C) (n = 12 per group). The ability to turn 180°on a static bar test was assessed by taking the percentage of the falls over three trials for each subject. These results show multiparous females had a significantly greater percentage of falls in this turning test compared with age-matched virgins (D) (n = 12 per group). In a wire hang test, the latency to fall was measured (E) (n = 12 per group). To determine whether reproductive experience alters depressive behavior, the time spent immobile in a tail suspension test was quantified (F) (n = 20 per group). Error bars show mean SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (Fig. 4M) . These results suggest that parity provides a moderate level of acute protection following ischemic stroke.
We next evaluated several important physiological and plasma markers associated with vascular risk. Total cholesterol and triglyceride levels were significantly higher in multiparous mice; however, after stroke there are differential changes in each ( Fig. 5 A and B; P ≤ 0.05). A significant effect of parity [F(1,18) = 7.986; P ≤ 0.05] and stroke [F(1,18) = 7.102; P ≤ 0.05] was found in cholesterol levels. Antioxidant capacity is significantly increased with reproductive experience ( Fig. 5D ; P ≤ 0.01). Following stroke, cortisol concentrations were higher and antioxidant capacity was decreased in multiparous females compared with nulliparous virgins ( Fig. 5 C and D; P ≤ 0.05). Plasma concentrations of the antiinflammatory cytokine IL-4 were significantly decreased in nulliparous females after stroke, whereas no change was seen in the multiparous cohort ( Fig. 5E ; P ≤ 0.001). IL-10 increased with reproductive experience, but were significantly attenuated in both mice after stroke ( Fig. 5F ; P ≤ 0.05). A significant effect of parity was seen in VEGF [F(1,13)=5.188; P ≤ 0.05] and bFGF concentrations ( Fig. 5 G and H; P ≤ 0.05). Taken together, these data imply that the protective effects of reproductive experience on stroke outcome may involve alterations in inflammatory-and Representative histograms depict the relative intensity of fluorescent beads engulfed by phagocytic microglia and perivascular macrophages from nulliparous virgins (blue) and multiparous (red) female brains (A). These percentages were then quantified as shown (B and C, respectively). Cell-specific fluorescence minus one (FMO) controls were used to determine positive gating (shaded gray). Representative smoothened dot plots show the relative baseline production of tumor necrosis factor (TNF) and interleukin-1 beta (IL-1β) cytokines by microglia and perivascular macrophages (D and G, respectively). These percentages were quantified as shown (E, F, H, and I). For all experiments, n = 5 per group. Error bars show mean SEM. n.s., not significant. *P < 0.05; **P < 0.01. growth factor-signaling pathways, specifically for the proangiogenic factor, VEGF.
As the NDS is a relatively crude measure of behavioral deficits that has limited sensitivity after day 1, additional behavioral testing was performed at acute endpoints. Multiparous mice had a significantly increased latency to fall while on an accelerating rotarod at 72 h ( Fig. S3A ; P ≤ 0.05), indicative of improved motor performance. Multiparous mice had less change in locomotor activity (compared as a percent of change from their own baseline) after stroke, relative to nulliparous controls, which showed significant behavioral deficits after injury ( Fig. S3B ; P ≤ 0.05). Absolute scores after stroke were not significantly different between groups in either the rotarod (47.6 ± 12 and 26.9 ± 11) or open field testing (1,940 ± 198 and 2,185 ± 265). Multiparous mice spent more time in the perimeter after stroke, indicating anxiety-like behavior ( Fig. S3C ; P ≤ 0.05).
Two separate cohorts of mice were then evaluated over the span of 30 d to monitor long-term functional recovery. Chronic behavioral assessment demonstrated significantly higher impairment in virgin mice after stroke compared with parous females. Virgin females had significantly delayed recovery in sensorimotor function at day 21, as evidenced by an increased asymmetric preference during corner testing ( Fig. 6A ; day 28 = P ≤ 0.01). Similarly, virgin mice exhibited delayed recovery in forelimb grip strength at day 15 compared with multiparous mice; however, both groups recovered to near baseline value by day 30 ( Fig. 6B ; P ≤ 0.05). An effect of reproductive experience on the total distance traveled in an open field after stroke was determined by two-way ANOVA group analysis [ Fig. 6C ; F(1,85) = 8.696; P ≤ 0.01]. Consistent with these findings, virgin females displayed significantly delayed recovery in motor balance and coordination at 1 wk compared with multiparous females, as assessed by rotarod test ( Fig. 6D ; P ≤ 0.01). Next we examined short-term memory retention at day 30 after stroke using a Barnes maze test in an additional cohort of mice. Multiparous mice traveled shorter distances to locate the escape hole compared with virgin mice ( Fig. 6E ; P = 0.044). These data show that multiparous females have fewer chronic behavioral impairments after stroke compared with virgin females. Interestingly, correlational analysis revealed that although the number of pregnancies per mouse was not significantly associated with open field performance on day 3 (P = 0.26), there was a significant association by day 7 (P = 0.02). A similar trend was seen in the hang wire, with no association with the number of pregnancies and hang duration early after stroke on day 3 (P = 0.55), but improved performance with increasing pregnancy number by day 7 (P = 0.05). Taken together, these results indicate that reproductive experience facilitates faster recovery in sensorimotor and cognitive deficits after stroke.
To determine the cellular correlates of recovery, mice were evaluated 30 d after stroke to monitor cellular proliferation. Functional blood vessels were assessed by intravascular injection of FITC-labeled lectin and proliferation was determined by BrdU incorporation. Quantitative measurements of poststroke vascular Reproductive experience attenuates brain injury following ischemic stroke. Virgin and multiparous mice were subject to sham or stroke surgical conditions and evaluated at 72 h to determine differences in histopathology and physiology. The percentage of body weight loss after stroke was smaller for multiparous females (A) (n = 12-15 per group). Clinical assessment shows that neurological deficit scores at 72 h approached but did not achieve significance between virgin and multiparous mice (B) (n = 12-15 per group). Total hemispheric infarct volume measurements were determined using cresyl violet-stained brain sections. Representative virgin and multiparous cresyl violet-stained ischemic brains (C) and quantification of infarct volumes (D) are shown (n = 10-12 per group). Representative immunohistochemistry of DAPI + nucleated GFAP + astrocytes and Iba1 + microglia/macrophages in the ischemic cortex (E). (Scale bar, 100 μm.) The average number of astrocytes (F) and microglia/macrophages (G) counted in the ischemic cortex is shown (n = 10-12 per group). The average cell size was quantified for astrocytes and microglia/macrophages (H and I, respectively), which were larger in multiparous mice. No differences in core body temperature (degrees Celsius) or normalized spleen weight were found between groups after stroke (J and K, respectively; n = 12-14 per group). Quantification of uterine weights (L) and plasma estradiol concentrations (M) at 72 h is shown (n = 12-14 per group). Error bars show mean SEM. DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding adaptor molecule 1; n.s., not significant; px, pixel. *P < 0.05; **P < 0.01; ***P < 0.001.
features were performed on FITC-labeled vessels in the ischemic cortex using software analysis (Fig. 7A ). The percentage of area occupied by vessels was significantly greater in multiparous females at day 30 ( Fig. 7B ; P = 0.018). As well, the total number of vessel junctions and endpoints was comparably higher in multiparous females ( Fig. 7 C and D; P = 0.001 and P = 0.013, respectively).
Total vessel length was also higher in the ischemic cortex of multiparous females at day 30 after stroke ( Fig. 7E ; P = 0.015). BrdU/ FITC-lectin colabeling was performed to evaluate angiogenesis in the ischemic cortical penumbra (Fig. 7F) . Significantly higher numbers of BrdU-labeled newborn cells were found in the postischemic brain of multiparous mice compared with their virgin counterparts ( Fig. 7G ; P ≤ 0.05). Spearman analysis revealed a positive correlation between behavioral performance in the open field and on rotarod tests at day 3 and the number of BrdU-and FITC-lectin + cells at day 30, suggesting that motor function in the acute phase after stroke is predictive of the delayed revascularization events at more chronic time points in recovery (Table 1) . This positive correlation was demonstrated for spontaneous locomotor activity up to 21 d after stroke. Together these results suggest that reproductive experience stimulates cell proliferation and vascular repair in the postischemic cortex and is directly associated with motor recovery.
We then investigated whether fetal microchimeric cells are responsive to ischemic stimuli and migrate to areas of brain injury. Using a mating scheme designed to enable tracking of GFP +/− fetal cells in (wild type) maternal mice we subjected mice to stroke and examined acute and long-term survival. The frequency of GFP + fetal cells in maternal circulation was significantly increased 24 h following stroke ( Fig. 8B ; P ≤ 0.05), cells that are likely bone marrow derived. In those females in which fetal microchimerism was detected, frequencies of GFP + fetal cells in the blood ranged from 0.007% to 0.008% in sham to 0.001-0.267% after stroke, whereas frequencies ranged between 0.001% and 0.002% in the bone marrow for both groups. Fetal cells were confirmed using anti-GFP antibody and negative selection based on autofluorescence ( Fig. 8 A, C , and E). Immunohistochemistry revealed the presence of GFP + fetal cells throughout the anterior/posterior axis of the ischemic hemisphere at 72 h, when brain inflammation reaches its height (Fig. 8 E and F) . Although sparsely distributed and in too low number to quantify, these cells had diverse phenotypes and were found in clusters mostly confined within the infarcted region. On the working assumption that fetal cells have stem cell potential, we examined the presence of these cells at 30 d after stroke when neurogenic and angiogenic recovery processes are more active. Interestingly, a small number of GFP + fetal cells within the ischemic region adopted endothelial features, had vessel morphology, and lectin expression, whereas others had more rounded morphology ( Fig. 8 G and H) . These data suggest that fetal cells are responsive to ischemic stroke in parous females and can mobilize and migrate to areas of tissue injury where they may contribute to the angiogenic response. Virgin and multiparous mice were subject to sham or stroke surgical conditions and plasma was obtained to assess risk-associated biomarker status at 72 h after ischemia. Plasma triglyceride concentrations were measured using ELISA (A) (n = 6-11 per group). Quantification of total cholesterol (B), plasma cortisol levels (C), and antioxidant activity (D) is shown (n = 6-11 per group for each experiment). The data show significant effects of reproductive experience and ischemic stroke on biomarker levels. Comparison of circulating concentrations of antiinflammatory cytokines IL-4 (E) and IL-10 (F) and the growth factors bFGF (G) and VEGF (H) are shown (n = 7 per group). Group effects and multiple comparisons were compared using two-way ANOVA with post hoc Tukey test. Error bars show mean SEM. SH, sham; ST, stroke. *P < 0.05; **P < 0.01; ***P < 0.001. Fig. 6 . Multiparous females exhibit fewer sensorimotor and cognitive deficits after stroke. Corner testing revealed significant asymmetry early after stroke in both groups, with markedly delayed recovery in virgin mice seen at days 21 and 28 (A). A mild impairment in forelimb strength was seen in virgin female mice at day 15 after stroke relative to their multiparous counterparts (B). Distance traveled in an open field apparatus is shown and a group effect was found (C). Time spent on an accelerating rotarod was recorded and demonstrated significantly more motor impairment at days 3 and 7 after stroke in virgins relative to multiparous females (D). Following a training period, memory retention was evaluated at day 30 using the Barnes maze test. Compared with virgins, multiparous mice traveled significantly shorter distances to locate the escape hole (E). Data are representative of two independent studies. For all experiments, n = 9-10 per group. Group effects were determined by two-way ANOVA with repeated measures and multiple comparisons were performed using post hoc Tukey test. Error bars show mean SEM. L, left; R, right. *P < 0.05; **P < 0.01; ***P < 0.001.
Discussion
In this work, we demonstrated that parity negatively impacts baseline behavioral performance, CNS immune function, and biomarkers associated with cardiovascular health. Despite these changes, parity conferred both an acute and long-term protective advantage against ischemic brain injury, resulting in smaller infarct volumes, increased VEGF levels, greater revascularization, and fewer behavioral deficits after stroke. Our results suggest that pregnancy-associated changes in immunity and events at the fetalplacental interface have long-term consequences in the healthy and injured maternal brain.
Our understanding of parity-related changes in both the brain's normal function and its response to injury is poor, largely due to the lack of experimental modeling. To date, studies have been focused on understanding the effects of parity (e.g., diet, obesity, inflammation) on the long-term brain health of offspring rather than on the mother herself. It has been posited that perturbations in brain inflammation disrupt satiety signals in the hypothalamus, contributing to the high incidence of maternal obesity (13) . Our data suggest that inflammation and microglia/macrophage activity are chronically suppressed in the brain of multiparous mice, consistent with the systemic immune suppression induced by pregnancy seen by others (14) . Although parous and nonparous mice had similar estrogen levels, protection could still be mediated by other sex hormones that are increased at the time of pregnancy such as progesterone and human chorionic gonadotropin (hCG) (15, 16) . A growing literature now supports a prominent role for fetal-derived hCG in promoting immune tolerance during pregnancy and transplantation (17) . It is possible that these hormones prime the maternal immune system to respond less vigorously to injury-driven danger signals.
As with immune tolerance, many other physiological features of the maternal environment adapt to accommodate and support in utero life. High systemic levels of growth factors and antiinflammatory cytokines have been found in pregnant women and may underlie the reported enhancement of liver and muscle regeneration during pregnancy (18, 19) . To this end, we also demonstrated higher growth factor expression and greater antioxidant defenses in naïve multiparous mice. Parabiosis of pregnant mice with nonpregnant female controls confers a regenerative benefit in virgin muscle, and emerging data suggest reproductive experience bestows lifelong benefits (20) . Whereas nulliparous mice exhibited sharp reductions in systemic IL-4 and IL-10 concentrations, bFGF and VEGF concentrations remained relatively elevated in multiparous mice following stroke. Our results are consistent with prior work that showed hippocampal excitotoxicity-induced cell damage was lower in multiparous females following kainic acid injection compared with virgins (21). In our study, reproductive experience initiated a protective response to sterile brain injury, mitigating both neuronal injury and glial activation.
Reproductive experience, and to some extent parity, has been shown to improve learning and memory performance in mothers long after parturition (22) . These cognitive advantages persist throughout the lifespan. We found that parity enhanced sensorimotor and cognitive function at chronic time points after stroke. Whereas our study assesses ischemic stroke outcomes in multiparous animals and highlights the lasting effects of pregnancy on the maternal immune system, another group has examined stroke outcomes in pregnant females. Spencer (23) reported that neuronal injury was greater in pregnant rats compared with nonpregnant females following global cerebral ischemia. Stroke risk is highest for women during pregnancy and the early postpartum period compared with any other time in her life (24) . In contrast, immunemediated disease and multiple sclerosis symptoms are attenuated during pregnancy (25) and pregnancy-associated febrile responses to immune challenges are also significantly suppressed. Corticosterone is one candidate hormone that potentially mediates these effects as it is altered during pregnancy, is neuroprotective in models of cerebral ischemia (26) , and increases myelopoiesis in the bone marrow, augmenting the number of granulocytes in peripheral blood (27) . However, cortisol prevents the release of proinflammatory cytokines and up-regulates antiinflammatory cytokines such as IL-4 and IL-10, promoting immune suppression. We found significant increases in cortisol concentration in multiparous females after stroke, which paralleled increases in IL-4 and IL-10.
The maternal hypothalamic-pituitary-adrenal (HPA) axis undergoes significant activation during pregnancy, but how long these effects are sustained and whether enhanced glucocorticoid production is responsible for attenuating neuronal death and glial activation in multiparous females following stroke is not known. Major effects of pregnancy on cerebral endothelial and microcirculation have been described, including increased vascular permeability (28). VEGF is not only increased in circulating blood during pregnancy, but is also up-regulated in cerebral veins (29) .
Our findings that reproductive experience enhanced vascularization after ischemic injury suggests that VEGF is an important mediator of parity-induced protection. Multiparous females demonstrated greater proliferation and branching of vessels after stroke. No overt differences are seen in perfusion or in the vasculature at baseline, but it seems likely that poststroke angiogenic repair processes are simply not as robust, or perhaps are even impaired, in virgin female mice. We also found a direct correlation between early motor performance and angiogenesis. Animals with fewer motor deficits had the most robust angiogenesis at chronic time points. Although behavioral performance in motor tasks was worse in multiparous females at baseline, these mice were less affected by stroke compared with their virgin counterparts, which displayed significant deficits in functional recovery. It is important to note that the improved behavioral recovery in multiparous females may simply reflect the smaller infarct seen in these mice rather than an enhanced delayed angiogenic response. Behavioral deficits and recovery are known to be related to the location and severity of the initial stroke injury (30, 31) . However, the near complete preservation of sensorimotor and cognitive function in the multiparous mice is nonetheless impressive, given that the striatal infarct was prominent in both groups. In addition, scores on the corner and rotarod tests were similar in both groups at acute time points (72 h), suggesting that some of the benefit is due to improved recovery rather than acute neuroprotection. The beneficial effect of parity also was "dose dependent" in that females with the highest number of pregnancies (which varied from four to six litters per mouse) had improved behavioral recovery at day 7, an association that was not seen at day 3, suggesting a neurorestorative effect rather than a neuroprotective effect. Angiogenesis and vascular integrity have profound implications on neuroinflammation and brain repair following ischemia. Increased leakiness of the blood-brain barrier may facilitate the entry of the maternal systemic factors, including growth factors (e.g., VEGF, placental growth factor), hormones (e.g., estrogen, prolactin), Th2-related cytokines (e.g., IL-4, IL-10), and fetal cells into the maternal brain. Microglial exposure to these factors could explain the microglia and macrophage suppressive phenotype seen in our study. Microglia/macrophages from multiparous females exhibit comparably suppressed homeostatic immune functions, producing lower levels of cytokines and displaying a lower potential to phagocytize material. Glial cell size was increased in the multiparous brain after stroke, suggesting that parity can chronically alter cellular cytoarchitecture and prime microglia toward an M2-like activation state following injury. Whereas depressive behavior and deficits in hippocampal neurogenesis are often associated with systemic immunosuppression in the postpartum period (32) , it is well established that antiinflammatory environments and M2-like polarization of activated microglia generally favor positive outcomes following ischemic stroke (33) . Consistent with this understanding, others have found that peritoneal macrophages from primiparous females exhibited less of a PMA-induced oxidative burst than nulliparous macrophages (34) . The shift toward greater immune tolerance during pregnancy, which is further enhanced with increasing parity, likely underlies these cellular differences in inflammatory function.
Cellular interactions between the mother and fetus at the placental interface also have vast implications for long-term health. During pregnancy, there is a bidirectional trafficking of cells across the placental barrier between the mother and her fetus. Whereas the presence of cells of fetal origin are highest within the mother's blood stream during gestation at embryonic days, e18 and e19, the cells can persist at lower frequencies for over 27 y after parturition (35, 36) . Stroke can induce recruitment of progenitor cells for neovascularization from the bone marrow in rodents and previous studies have shown that human umbilical cord blood and amniotic stem cells are neuroprotective when introduced to rodents after middle cerebral artery occlusion (MCAO) (37, 38) . The majority of fetal microchimerism studies have examined the presence and to a lesser extent, the function, of MCs. Although studies indicate the maternal brain has the lowest frequency of fetal microchimerism of all organs (39, 40) , MCs have been found in the CNS in both healthy and diseased humans and mice (41) . Indeed, the rarity of these cells precluded our efforts to perform quantification and more comprehensive phenotypic analysis. To date, only two brain injury models have examined fetal MCs, one in a model of Parkinson's disease induced before pregnancy, and the other after local NMDA injection (42, 43) . Both studies found the injured brains had increased numbers of fetal cells that later developed a neuronal morphology. We examined an early time point at 72 h to capture the peak of poststroke brain inflammation, with the highest trafficking and infiltration of peripheral leukocytes and progenitor cells into areas of ischemic injury (44) . Studies have documented that fetal cells primarily populate the bone marrow (which is activated by stroke via the sympathetic nervous system), and that these cells can mobilize into circulation and enter target tissues in various animal models of cardiac, hepatic, renal, epidermal, and brain injury (45) (46) (47) . Kara et al. showed that MCs in a mouse model of myocardial infarction selectively home to the injured myocardium and differentiate into a variety of reparative cell types that were functional in vitro (48, 49) . Thus, the parous female bone marrow may house an endogenous population of stem cells of fetal origin that can potentially provide regenerative support. The functional contribution of fetal cells to recovery in the injured maternal brain is not known and could be minimal, given their sparse, sporadic distribution. Whether these cells contribute to the proangiogenic environment in the maternal brain warrants further investigation.
In conclusion, we demonstrated that parity has paradoxical effects in health and disease, mirroring the clinical literature. Multiparous mice exhibit increased body weights, elevated triglyceride and cholesterol levels, significant immune suppression, greater sedentary behavior, and muscle fatigue. Whereas these attributes are generally associated with higher metabovascular risk, multiparous females demonstrated a surprising resistance to ischemic brain injury and improved behavioral recovery at chronic time points after stroke. Parity-associated neuroprotection may have evolved out of necessity, ensuring the survival of young offspring. Increased VEGF in multiparous animals appears to lead to an environment that is conducive to poststroke angiogenesis and repair after injury. These studies could help us understand the etiology and pathology of stroke risk and recovery in females.
Materials and Methods
Mice/Animals. Young adult female mice (C57BL/6J; 12 wk) were pair housed with male (Harlan Laboratories) or female partners in a pathogen-free facility (light cycle 12/12 h light/dark). The number of litters ranged from four to six (Avg = 5.08 ± 0.28) with the average total number of pups birthed of 40.3 ± 3.9. Pups were weaned after 21 d. Nulliparous females did not have litters. All mice were subject to surgery and killed at 12 mo of age, 3-4 mo following the last pregnancy. Young adult C57BL/6J wild type (WT) and C57BL/6-tg(UBC-GFP)30Scha mice were purchased from The Jackson Laboratory. To generate fetal microchimeric mice, male GFP +/+ mice were mated with virgin female WT mice to yield GFP +/− offspring (50). All procedures were performed in accordance with NIH Guidelines for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the University of Connecticut Health Center and the University of Texas Health Science Center at Houston. All efforts were made to reduce animal suffering. All analysis was performed blinded to surgical conditions and parity.
Ischemic Stroke Model. Cerebral ischemia was induced by 60 min of reversible unilateral MCAO (25.3-to 39.2-g mice) under isoflurane anesthesia as previously described (51) . Rectal temperatures were maintained at ∼37°C during surgery and ischemia with an automated temperature control feedback system. Due to weight adjusted variation in vessel diameter, 0.21 mm and 0.23 mm siliconecoated sutures were used in mice weighing <30 g and >30 g, respectively, to achieve equivalent occlusion, as described previously (52) . Sham-operated animals underwent the same surgical procedure, but the suture was not advanced into the middle cerebral artery. Two independent experiments were performed and the pooled data are shown. Cerebral blood flow was assessed by laser speckle perfusion imaging and vascular anatomy was examined by India ink staining as described in SI Materials and Methods.
Clinical Assessment. Body weight was measured 3 d before surgery, immediately before surgery, and monitored daily thereafter. Rectal temperatures were recorded during ischemia and immediately before killing. Neurological deficits were assessed by Bederson score from 0 (no deficit) to 4 (severe deficit) with minor modifications (53).
Bromodeoxyuridine Injections. Bromodeoxyuridine (BrdU) (Sigma-Aldrich) was freshly prepared daily and administered intraperitoneally at 50 mg/kg/d at days 3-7 after stroke to identify newborn cells. Terminal Histopathology. All animals were killed with avertin overdose (i.p).
Transcardial perfusion was performed with cold PBS followed by 4% paraformaldehyde; the brain was fixed for 24 h and placed in cryoprotectant (30% sucrose). The brains were cut into 40-μm free-floating sections on a freezing microtome and every eighth slice was stained by cresyl violet staining to evaluate ischemic cell damage. Infarct volume was analyzed using computer software (Sigma scan Pro5) as previously described (55, 56) .
Immunohistochemistry. Immunohistochemical (IHC) staining of fixed-frozen sections (40-μm thickness) was performed as described previously (57) . Detailed methods are described in SI Materials and Methods. Images were acquired with a Zeiss Axiovert 200 M microscope using a X-Cite 120Q fluorescence illumination system (Lumen Dynamics Group Inc.) and Zeiss image acquisition software (Zeiss LSM 510). For analysis of glial activation at 72 h, brain slices were taken at the same distance from bregma (0.5 mm anterior to bregma) to ensure comparison of similar structures. Two 20× fields per animal (n = 10-12 animals per group) were analyzed in the cortical penumbra area of the infarct. The total number of cells was averaged across the two fields of view for each animal and the average number of cells per field of view was used for statistical analysis as described previously (58) . DAPI-counterstained Iba1 + and GFAP + cells were counted using ImageJ software (NIH) by a blinded investigator. For BrdU/FITC-lectin colabeling, brains were cut into 30-μm sections and blood vessels were costained with rat anti-BrdU (1:100; Abcam), followed by anti-rat secondary conjugated antibody and DAPI. Newborn cells in the infarct cortex were identified by colabeling with BrdU and DAPI. To perform quantification of BrdU + cells, four coronal brain slices per animal were stained from ∼1.1 mm bregma, 0.8 mm bregma, 0.5 mm bregma and −0.1 mm bregma as described previously (59) . AngioTool software (National Cancer Institute) was used to quantify total vessel length, the number of vascular endpoints and junctions, and the percentage of area vascularized from microscopic images collected from brain sections adjacent to BrdU-quantified sections (60).
Behavioral Testing. All surgical cohorts were tested on each behavioral task twice, 3 d before surgery to establish a baseline reference and again on the day of killing at a fixed time in the morning. All behavioral testing equipment was cleaned with 70% ethanol between animals. Naïve mice were tested in the following order: open field, static rod, rotarod, wirehang, and tail suspension test. For all 72-h surgical cohorts, mice were tested 3 d before surgery and 3 d after reperfusion before killing in the following order: neurological scoring, open field, rotarod, and wire hang test. Two independent cohorts of mice (n = 10 per group) were evaluated across the span of 30 d after stroke to assess long-term recovery. In the first cohort, mice were tested at days −3, 3, 7, 14, 21, and 28 with the corner test and days −3, 3, 15, and 30 on the wire hang test. In the second cohort of mice, mice were tested at days −3, 3, 7, 14, and 21 on the open field and rotarod test. Barnes maze testing was performed on day 30, 4 h after training. Data are presented as both percentage of baseline and as an absolute score. Detailed methods are described in SI Materials and Methods.
Tissue Processing for Flow Cytometry. Mice were killed and blood was drawn by external cardiac puncture with heparinized needles. Before organ harvest, mice were transcardially perfused with 60 mL of cold, sterile PBS. Femurs were isolated and bone marrow was extracted with a flush of 10 mL of RPMI using a 21-gauge needle. Red blood cell lysis was achieved through three consecutive 10-min incubations with Tris-ammonium chloride. Brain hemispheres (right side) were processed as described (61) . Phagocytosis was evaluated using fluorescent latex beads and intracellular staining was performed to assess cytokine production and endogenous GFP expression as described in SI Materials and Methods.
Enzyme-Linked Immunoabsorbant Assay (ELISA). Brain and plasma cytokine concentrations were determined by ELISA (Bio-Plex Pro Mouse Cytokine Assay, Bio-Rad Laboratories) as previously reported (62) . Briefly, 25 μL of plasma and 150 μg of whole cell lysate brain protein were aliquoted in each well. Samples were assayed per manufacturer's instructions using a Luminex 200 magnetic bead array platform. Detailed methods are described in SI Materials and Methods.
Statistical Analyses. Data from individual experiments are presented as mean ± SEM and statistically evaluated by Student's t test (for comparison between two experimental groups) or two-way ANOVA with Tukey's post hoc test for group effects and multiple comparisons (GraphPad Prism Software). Behavioral analysis of stroke groups was performed using repeated measures two-way ANOVA followed by Tukey or Bonferroni post hoc test. Spearman correlation analysis was performed for the variables of BrdU/lectin and behavioral performance on different days and behavioral performance and number of pregnancies. The incidence of fetal microchimerism in maternal mice was evaluated using the χ
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Cerebral Blood Flow Assessment with Laser Speckle. Laser Speckle Perfusion imaging of the brain was performed using moorFLPI Full-Field Laser Perfusion Imager (Moor Instruments) as described previously (63) . In brief, two identical rectangular regions of interest were selected on each of the two hemispheres. The imaging was set up at a display rate of 25 Hz, a time constant of 1 s, and a camera exposure time of 4 ms. A 2-min baseline CBF Flux was recorded before induction of ischemia. MCAO surgery was performed and live image and flux recordings were made throughout the intraischemic and postreperfusion periods. Data were expressed as percent change in mean CBF flux of 2 min of preischemic period, 50 min of intraischemic period, and 2 min of postreperfusion period.
Vascular Anatomy. Both nulliparous and multiparous mice (n = 3 per group) were anesthetized by avertin injection and perfused via the left ventricle with cold phosphate-buffered heparinized saline and 4% paraformaldehyde followed by injection of 2 mL of India ink and elemental iron (1% FeSO4, 20% India ink in PBS). The mice were decapitated and the brains were harvested with the circle of Willis intact. The brains were placed in paraformaldehyde overnight at 4°C and large vessel anatomy was examined (64) . Static Rod. Balance and coordination was assessed using a wooden rod of 60 cm in length and 2.8 cm in diameter (as in ref. 65 ) with minor modification. The number of falls and successful turns was tallied for each trial and the percentage was calculated.
Rotarod. Mice were placed on a rotating rod accelerating from two rotations per minute (rpm) to 20 rpm, over a span of 5 min (66, 67) . Subjects were given four trials on the rotarod on day −3 and +3 of testing. The latency of the subject to fall was recorded for each trial (in seconds), and the average latency was used for further analysis.
Tail Suspension. The tail suspension test (TST) was performed as described previously (68) . Mice were suspended 60 cm above a table and recorded for 6 min using a digital video camera (JVC Everio, Victor Company).
Hanging Wire. The hanging wire tests both limb strength and balance after stroke (55, 69) and was performed as in ref. 70 with slight modification. The mouse was placed on the center of a wire cage top (18 inches × 9 inches) that was slowly inverted. The average time to fall from three trials was taken.
Corner Test. To assess sensorimotor abnormalities and asymmetry, animals were evaluated using the corner test as in ref. 59 . Twenty trials were performed for each mouse and the total number of right turns was counted. Although normal mice do not display a turning preference, after ischemia, mice will exhibit a turning preference to their nonimpaired side. Data are presented as total right turns/ (total right + left turns).
Barnes Maze. Mice were tested for spatial memory acquisition and retention on Barnes maze 120-cm diameter with 20 holes along the perimeter. The escape chamber remained at a stable position, and the walls around the arena were marked with visual cues. During the initial phase, the animal was guided to the escape hole using a transparent Plexiglas cylinder. Subsequently, each mouse was individually tested for two consecutive trials of 3 min each. The latency to first reach the target hole and distance traveled before entering the escape chamber was recorded and analyzed using the EthoVision video tracking software (Noldus).
Intracellular staining with anti-GFP-AF647 was performed as above without in vitro brefeldin A incubation. Cell populations were gated in the following order: leukocyte, singlet, live, autofluorescence, and anti-GFP + . Bone marrow cells from GFP +/+ and wild-type mice were used for FMO controls to determine gating for endogenous GFP and each conjugated antibody. Blood cells from wild-type female mice were used as a negative control, whereas those from GFP +/− female mice were used as a positive control for GFP fetal cells. To eliminate the possibility of carryover, a blank sample containing PBS alone was run until no events could be detected before an additional sample was run on the cytometer.
Enzyme-Linked Immunoabsorbant Assay. Plasma biomarkers were measured using a triglyceride colorimetric assay kit (10010303), a cholesterol fluorometric assay kit (10007640), and an antioxidant assay kit (709001) purchased from Cayman Chemical. Plasma concentrations of cortisol (K7430-100, Biovision) and estradiol (BQ180S; BQ kits) were assayed according to manufacturer's instructions. S3 . The effect of multiparity on acute behavioral outcomes in two independent cohorts of stroke-injured females. The latency to fall on an accelerated rotarod device was measured before and after stroke (A). Quantitative assessment of spontaneous locomotor activity was determined by quantification of beam breaks in an open field apparatus (B). Over the course of 20 min in the open field test, multiparous mice spent significantly less time in the exposed center quadrant of the field after stroke, compared with their age-matched virgin counterparts (C). For all experiments, n = 10-12 per group. Multiple comparisons were performed using two-way ANOVA with post hoc Tukey test. Error bars show mean SEM. n.s., not significant; ST, stroke. *P < 0.05.
